Inelastic neutron scattering measurement is performed on a breathing pyrochlore antiferromagnet Ba 3 Yb 2 Zn 5 O 11 . The observed dispersionless excitations are explained by a crystalline electric field (CEF) Hamiltonian of Kramers ion Yb 3+ of which the local symmetry exhibits C 3v point group symmetry. The magnetic susceptibility previously reported is consistently reproduced by the energy scheme of the CEF excitations. The obtained wave functions of the ground state Kramers doublet exhibit the planer-type anisotropy. The result demonstrates that Ba 3 Yb 2 Zn 5 O 11 is an experimental realization of breathing pyrochlore antiferromagnet with a pseudospin S = 1/2 having easy-plane anisotropy.
I. INTRODUCTION
Geometrical frustration in magnetic materials disturbs the development of long-range order and induces novel states at low temperatures.
1,2 A three-dimensional network of cornersharing tetrahedra, i.e., the pyrochlore lattice, is one of the most interesting systems. The geometrical configuration prohibits the arrangement of the spins that satisfy the lowest energy of all spin bonds, leading to the ground state sensitive to perturbations including single-ion anisotropy, two-ion anisotropy, and lattice distortion. Indeed the variety of the magnetic phases have been reported in rare-earth pyrochlore compounds in R 2 Ti 2 O 7 . 3 In case of R = Dy and Ho spin-ice states emerge 4 due to the geometrical frustration induced by ferromagnetic interaction and the Ising anisotropy. [5] [6] [7] [8] In contrast in Yb 2 Ti 2 O 7 the easy-plane type anisotropy of Yb ion enhances quantum effect, leading to quantum spin liquid state. 9 In a series of pyrochlore titanates R 2 Ti 2 O 7 rare earth ions carry magnetic moment. The J multiplets of the ions are lifted by crystalline electric field (CEF) from octahedral ligands with the point symmetry D 3d . In case of R = Dy, Ho, and Yb, the ground state is doublet and the first excited energies are larger than 20 meV, 4 meaning that the degree of freedom of the magnetic moments are approximately two in the temperature range of T << 200 K. The magnetic moments are, thus, regarded as pseudospins S = 1/2 with anisotropies determined by the wave functions of the ground state. In most cases the localized orbitals of f -electrons give small magnetic interactions, and, therefore, rare-earth magnets can be interacting spin systems at low temperatures. Since the spin anisotropy is one of key features for the emerged magnetic state, experimental study on CEF is crucial particularly for the initial stage of the research on rare-earth magnets.
Breathing pyrochlore lattice, i.e., alternating arrays of corner-sharing large and small tetrahedra, is interesting in terms of realization of the perturbative expansion method in theoretical calculation. 10 The original model compounds were reported in 3d-transition metal spinels LiInCr 4 The space group is F43m with cubic symmetry. The local structure of YbO 6 is a distorted octahedron with the C 3v point group symmetry as shown in Fig. 1 (b) .
No phase transition were observed in the specific heat and magnetic measurement in 0.4 K < T < 300 K. A temperature dependence of the magnetic susceptibility was reasonably reproduced using cubic symmetry for the CEF Hamiltonian down to 30 K, even though YbO 6 originally exhibited lower symmetry. This indicated that local distortion of a YbO 6 octahedron is small enough to be approximated as a structure with cubic symmetry. It has been reported that the ground state of CEF Hamiltonian is a Kramers doublet, and that the first excited state is a quartet state having an excitation energy of E = 45.1meV 12 . Up to room temperature, the excitation energy is sufficiently high so that Yb 3+ moment is regarded as an isotropic pseudospin S = 1/2. The bulk magnetic properties in the low temperatures were explained by the presumed isotropic Heisenberg S = 1/2 model having nonmagnetic ground state. For the further understanding of the ground state, however, the information of the spin anisotropy is important and, therefore, the investigation on the CEF is indispensable.
In the present study, we performed inelastic neutron (INS) scattering measurement to identify the precise CEF Hamiltonian. Three excitations were observed at ω = 38.2, 55.0 and 68.3 meV, and all were qualitatively consistent with the energy spectrum of the C 3v point group of the local YbO 6 structure, consisting of four Kramers doublets. The energy of the first excited state is consistent with that estimated by the magnetic susceptibility measurement, such that Yb 3+ ions are regarded as the ion having pseudospin S = 1/2 at low temperatures. The C 3v symmetry leads to the anisotropic ground state wave functions with the spin anisotropy of q = 3.31 for J xy = qS xy and p = 2.35 for J z = pS z , where J is total angular momentum and S is effective spin S = 1/2 operator.
II. EXPERIMENTAL DETAILS
The inelastic neutron scattering measurement (INS) was performed by using high resolution chopper spectrometer (HRC) installed in J-PARC/MLF. We used 17.7 g powder sample synthesized by a solid state reaction method. The sample was set in an Al-can filled with exchange He gas. Measurements were performed at T = 3, 200 and 300 K using an 4 He-type closed-cycle refrigerator. The T 0 chopper for the elimination of fast neutrons was set at 50 Hz and a collimator of 1.5
• was installed in front of sample. The initial neutrons were monochromated by type "S" Fermi chopper with the frequency of 600 Hz to obtain the neutron energy of E i = 154.4 meV with the instrumental resolution (full width at half maximum, FHWM) of 5.5 meV at the elastic position. Preliminary INS measurement with E i = 150 meV was performed at MARI specrometer installed in ISIS.
III. RESULTS

Figure 2(a), (b)
, and (c) show contour maps of the INS spectrum at T = 3, 200, and 300 K, respectively. The arrows indicate three dispersionless excitations at ω = 38.2, 55.0 and 68.3 meV. The intensities of these excitations decrease with the increase of Q, and they decrease with the increase of the temperature. None of the excitation-energy values changes in the observed temperature range. These behaviors are consistent with that of excitations of a magnetic cluster. At ω 30meV we observed broad excitation of which the intensity increases with the Q, and it increases with the temperature. The excitation is, thus, regarded as phonons. At ω ∼ 100 meV flat stripe is observed in Fig. 2(a) . Since no intensity was observed at 100 meV in preliminary measurement at MARI (not shown), the stripe is regarded as artifact. Figure 3(a) shows the Q dependences of the intensities of the three modes. The data are obtained by integrating the intensities in the ranges of 32 meV ≤ ω ≤ 44 meV, 44 meV ≤ ω ≤ 64 meV, and 64 meV ≤ ω ≤ 72 meV. The intensities decrease with the increase of Q, and they follow the magnetic form factor of the Yb 3+ ion indicated by the solid curves.
14 These excitations, thus, derive from the CEF of the Yb 3+ ion. The symbols shown in Fig. 3(b) , 3(c), and 3(d) indicate ω dependence of the integrated intensities at T = 3, 200, and 300 K, respectively, where the integral range is 2.8 Å −1 ≤ Q ≤ 3.2Å −1 . The phonon contributions have been subtracted by assuming that the intensity is proportional to Q 2 and also to the Bose factor. The intensities of the three modes decrease with the increase of the temperature. Since the occupancy of the ground state decreases with the increase of the temperature and the occupancy is one of coefficients in magnetic neutron cross section, all of the excitations derive from the transitions between the ground state and excited states. This means that the Yb 3+ ion is the four level system as described by solid bars in the first row in Fig. 4(a) . The result is in contrast with the three level system assumed in the previous study 12 as described by dotted bars in the second row. The first excited energy of the present study is, however, close to that of previous one. This means that the assumption of pseudospin S = 1/2 for the Yb 3+ ion 12 is good in the low temperatures.
The three peaks at T = 3 K in Fig. 3(b) are fit by Gaussian functions, and the integrated intensities will be used to compare the calculation in the next section. The estimated FWHMs at ω = 38.2, 55.0, and 68.3 meV are ∆ ω = 5.5, 8.9 and 3.9 meV, respectively. The FWHM at 55.0 meV is wider than the instrumental energy resolution. This indicates that there is either a lowering of symmetry in the local structure of YbO 6 or a coupling of CEF and phonon excitations. In addition, at T = 200 and 300 K, the peaks widthes bcome broadened. This indicates that the relaxation of the CEF excitation is enhanced thorough the coupling with lattice.
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IV. DISCUSSIONS
The obtained energy diagrams of Ba 3 Yb 2 Zn 5 O 11 is different from that of simple cubic symmetry for the local structure around Yb 3+ ion assumed in a previous study. 12 Instead the diagram is similar to the case of oxides of which the local structure is distorted, Yb The CEF Hamiltonian is as follows,
where B n m and O n m are CEF parameters and Steven's operators, respectively. 16, 17 The neutron cross section of the CEF excitations is, according to the dipole approximation,
Here κ is scattering vector, andκ is the normalized one. The initial and final states of the CEF excitations are denoted by |λ and |λ ′ . The probability of state |λ is represented as p λ . F(κ) is the magnetic form factor. 14 The value of r 0 is −0.54 × 10 −15 m. Powder averaged intensity I powder calc (κ, ω) is obtained in order to compare the calculation to the experimental data. The integrated intensities for three modes at T = 3 K obtained in Fig. 3(b) are fit by I powder calc (κ, ω). The solid curves are I powder calc (κ, ω) convoluted by Gaussian functions having FWHMs obtained in previous section. The fit to the data is reasonable. The obtained CEF parameters are summarized in Table I . The wave functions of the ground states are
The solid curves in Figs reasonably reproduces the data. When a trigonal axis of the YbO 6 structure is chosen as a quantization axis and a pseudospin operator S is defined as J x = qS x , J y = qS y , J z = pS z , p and q are as follows,
The result means that a wave function of the ground state has 16 . The solid curve is a calculated value using the parameter set from the first line of Table I and an antiferromagnetic molecular field constant λ = −9 emu/mol. planar-type anisotropy.
The magnetic susceptibility χ is calculated as follows.
Here χ CEF is the magnetic susceptibility determined by the CEF Hamiltonian. χ dia is the diamagnetic susceptibility fixed to be −4 × 10 −4 emu/mol-Yb. λ is a molecular field constant defined as H e f f = H + λM , where H, M and H e f f are an external field, magnetization and an effective molecular field, respectively. The solid curve in Fig. 4 (b) is the calculated one with the parameters obtained by the present INS experiment and an antiferromagnetic molecular field constant λ = −9 mol/emu. The experimental data are from Ref. 12 . The calculation reasonably reproduced the experimental data. The CEF parameter obtained by INS experiment reproduces the magnetic susceptibility measured independently.
V. CONCLUSION
We performed a neutron scattering experiment on a powder sample of Ba 3 Yb 2 Zn 5 O 11 in order to identify the CEF Hamiltonian. The neutron spectrum was explained by four Kramers doublets of Yb 3+ ion. The obtained CEF parameters revealed that the Yb 3+ ions are regarded as the pseudospin S = 1/2 having easy-plane anisotropy. Next challenge is further investigation on the low-energy spin dynamics of the breathing pyrochlore spin system by using a cold neutron spectrometer.
